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(54) Electro-optical device having inverted domains formed Inside a ferro-electric substrate 



(57) An electro-optical device such as an optical 
deflector comprising a ferro-electric substrate, elec- 
trodes provided on principal surfaces of this substrate 
and an inverted domain having a polygonal, e.g. trian- 
gular shape formed in the substrate, at least one of the 
domain walls of these domains being effectively per- 
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pendicular to the principal surfaces of the substrate, and 
a light beam passing through at least two of the domain 
walls, thus permitting fast random access, wide deflec- 
tion angle and high resolution. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field off the Invention 

The present invention relates to electro-optical devices and more particularly to devices which use electro-optical 
effects such as optical deflectors. 

10 Description of Related Art 

Devices known in the art which use electro-optical effects include optical deflectors and optical modulators. 
Devices which do not use such effects include lenses and mirrors. 

Optical deflectors commonly used to electronically deflect a light beam include a galvanometer type, rotating muJti- 
is surface reflecting mirror type, and a rotating hologram type. Since all these deflectors are electromechanical deflecting 
means, they are unsurted for short-term random access although they do permit high resolution and considerably high 
speed continuous scanning. 

Other high speed deflectors use Bragg diffraction by an acousto-optical diffraction grating. These have access 
times of the order of microseconds, however they can produce only a small deflection angle, they are limited in the 
20 number of spots than can be scanned and the output beam is also split into several beams. 

Deflectors using electro-optical effects operate at even higher speeds (e.g. of the order of nanoseconds), but their 
resolving power is still lower. 

Lenses of variable focal length are manufactured by combining a plurality of lenses which can be mechanically dis- 
placed so as to vary the distances between them, however this requires a complex construction and manipulation, and 
25 response speed is also inadequate. 

Until now, mirrors too have been fixed structures, and mirrors which are made to appear and disappear by a signal 
were unknown. Mirrors therefore had limited practicality. 

As described hereintofore, conventional light deflectors such as electromechanical deflectors, deflectors using 
acousto-optical effects and deflectors using electro-optical effects all had their respective advantages and disadvan- 
30 tages. In the prior art, optical deflectors which have both high speed and high resolving power did not exist 

Further, there were no single lenses of variable focal length, or mirrors which could be switched on and off. 

SUMMARY OF THE INVENTION 

35 ft is therefore an object of this invention to provide an electro-optical device such as a high resolution optical deflec- 
tor which allows fast random access, gives a large deflection angle, and has high resolving power. 

This invention therefore relates to an electro-optical device comprising a ferro-electric substrate, electrodes pro- 
vided on principal surfaces of the substrate and inverted domains formed with a predetermined shape inside the sub- 
strate, at least one of the walls of these domains being substantially perpendicular to the principal surfaces off the 
40 substrate, and a light beam traversing at least two of the domain walls. 

According to the electro-optical device of this invention, a refractive index difference is produced between the sub- 
strate and inverted domains by applying a voltage via electrodes formed on the principal surfaces of the substrate which 
comprises a plurality of inverted domains. As a result, a light beam is largely deflected when ft traverses at least two 
domain walls, i.e. a light beam can be largely deflected by passing it through a plurality off contiguous domain walls. 
45 This invention therefore makes ft possible to easily construct an electro-optical device, for example an optical 
deflector (or optical modulator) giving a large deflection angle and high resolving power. Moreover, as it depends on the 
application of a voltage, it makes fast continuous scan possible even with random access. 

As a large deflection angle is obtained based on the aforesaid refractive index difference when the light beam 
passes through a plurality of domain walls, the light beam can be given a large convergence or divergence which is suit- 
so able for a variable focal length lens. In this lens, the focal length may be varied, or the light beam made to converge or 
diverge, by an electrical signal without any need of mechanical displacement 

In the case of a mirror, as a large deflection is obtained due to the aforesaid refractive index difference by applying 
a voltage, beam transmission and reflection may be achieved by switching the voltage on and off, and the reflection 
effect increased when the beam passes through a plurality off domains. This mirror may thus be made to appear and 
55 disappear by an electrical signal without any need of mechanical displacement 

Further, according to the electro-optical device off this invention, the propagation direction of a fight beam in the 
device may be kept parallel to the aforesaid principal surfaces by so selecting the shape of the domain walls that at least 
one of these walls is substantially perpendicular to the aforesaid principal surfaces off the substrate, hence beam prop- 
agation in the device is stable. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic oblique view of an optica) deflector according to an embodiment of this invention. 
Fig. 2 is a diagram for the purpose of explaining the functional principle of the aforesaid optical deflector. 
5 Fig. 3 is a schematic oblique view of an optical deflector using an electro-optical effect in single domain crystals. 

Fig. 4 is a schematic oblique view of an optical deflector according to this invention using an electro-optical effect 
in single domain crystals. 

Fig. 5 is a schematic plan view showing a domain shape and beam deflection angle in this optical deflector. 
Fig. 6A is a graph showing a deflection angle variation relative to a domain incidence angle, and Fig. 6B is a graph 
10 showing a deflection angle variation due to a number of domains, in this optical deflector. 

Fig. 7 is a schematic oblique view showing a preferred domain shape in this optical deflector. 
Fig. 8 is a plan view of essential parts showing a specific form of this optical deflector. 

Fig. 9 is a graph showing an emission angle variation from an emission end face relative to an incidence angle on 
this emission end lace of this optical deflector. 
is Fig. 10 is a schematic view of an optical deflection system using this optical deflector. 

Fig. 11 is a schematic oblique view showing a method of forming domains by applying an electric field. 
Fig. 12 is a schematic oblique view showing a method of forming domains by electron beam irradiation. 
Fig. 13 is a schematic oblique view of a variable focal length lens according to an embodiment of this invention. 
Fig. 14 is a schematic view showing a typical lens shape of this variable focal length lens. 
20 Fig. 1 5 is a schematic oblique view of a device for 2 dimensional processing of a fight beam according to an embod- 
iment of this invention. 

Fig. 16 is a schematic oblique view of another device for 2 dimensional processing of a light beam according to an 
embodiment of this invention. 

Fig. 17 is a schematic oblique view of an electrical induction mirror according to an embodiment of this invention. 
25 Fig. 18 is a diagram shewing the principle of the mechanism of this electrical induction minor. 

Fig. 19 is a schematic oblique view of yet another optical deflector according to an embodiment of this invention. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

30 In the electro-optical device of this invention, it is desirable that there are at least two domain walls having opposite 
inverted domains horizontally traversed by a propagated light beam on each of which the beam has different incidence 
angles, this beam being deflected according to a voltage applied between electrodes provided on the two opposite prin- 
cipal surfaces of a substrata 

It is particularly suitable for the aforementioned mirror that the domain walls are laminated with a predetermined 

35 period so that the light beam is incident at a predetermined angle, the propagation direction of the beam being varied 
by applying a voltage between electrodes on the two opposite principal surfaces of the substrata 

Further, it is particularly suitable for the aforementioned variable focal length lens that there are at least two domain 
walls in the beam propagation direction having convex and concave in this direction, the beam being made to converge 
or diverge by applying a voltage between electrodes on the two opposite principal surfaces of the substrate. 

40 Processing may be performed in both of two mutually perpendicular directions x, y in a section at right angles to 
the beam propagation direction, by passing the beam through an electro-optical device which processes it in the x 
direction, and an electro-optical device which processes it in the y direction. 

In this case, when a plurality of the aforesaid electro-optical devices are provided, the light beam emission edge of 
the first device and the light beam incidence edge of the second device being disposed such that they are contiguous 

45 and the principal surfaces of the two devices are mutually perpendicular, the beam is deflected a made to converge or 
diverge in two directions. 

When the aforesaid plurality of electro-optical devices are disposed via means having a function for interchanging 
the two perpendicular directions x, y in a section at right angles to the propagation direction of the beam, it is desirable 
that a first electro-optical device and a second electro-optical device are arranged such that their respective principal 
so surfaces are parallel to each other. 

When the polarization direction of the beam is deflected such that it is perpendicular to a principal surface of the 
substrate, and the beam is deflected so that it is perpendicular to the beam propagation direction and also perpendic- 
ular to the initial beam propagation direction, the x, y directions in a section at right angles to the initial beam propaga- 
tion direction may be interchanged. 
55 When electrodes are provided over substantially the whole area of opposite principal surfaces, and the beam prop- 
agation direction is changed according to a voltage applied between these electrodes, the beam propagation direction 
may be maintained parallel to the substrate so that unnecessary divergence of the beam is prevented. 

When the substrate comprises crystals of LiNbxTaj.xO^ (where OSxSl), and one side of the domain walls is par- 
allel to a mirror plane of the crystals, the flatness of the domain walls is improved and a good deflection may therefore 
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. be obtained. This is therefore a desirable construction. 

When the aforesaid inverted domains are formed, electrodes are for example provided on both of the principal sur- 
faces of the substrate, an electrode having a predetermined shape provided on at least one of the principal surfaces, 
and the inverted domains formed in a predetermined configuration by applying a voltage between the two principal sur- 
5 faces (the poles are reversed in a predetermined configuration). 

Alternatively, the inverted domains are formed in a predetermined configuration by irradiating the surface of the 
negative pole of spontaneous polarization of the substrate, with an electron beam or with charged particles having a 
negative charge (the poles are reversed in a predetermined configuration). 

Alternatively, the inverted domains are formed in a predetermined configuration by irradiating the surface of the 
10 positive pole of spontaneous polarization of the substrate, with an electron beam or with charged particles having a pos- 
itive charge (the poles are reversed in a predetermined configuration). 

When, in the electro-optical device of this invention, an electrode having a predetermined shape is formed on at 
least one of the principal surfaces of the substrate and the poles are reversed in a predetermined electrode configura- 
tion by applying a voltage between the electrodes, when at least the electrode on one of the principal surfaces is polyg- 
15 onal, and when at least one side of this electrode is parallel to a mirror plane of the crystals forming the substrate, the 
side of the domain wall on which the light beam is incident is parallel to this mirror direction so that the flatness of the 
domain wall is improved. 

In this case, the substrate may consist of LiNbxTa^xQs crystals (where Osxsi). 

20 Embodiments 

This invention will now be described in detail with reference to specific embodiments. 
Case of Optical Deflector 

25 

First, an embodiment will be described where this invention is applied to an optical deflector using an electro-optical 
effect. 

When a light beam passes from a medium having a certain refractive index into a medium of different refractive 
index, its path is bent by refraction between the two media, ff the media have an electrooptical effect the refraction 

30 angle varies due to the variation of refractive index of the media which depends on an electrical signal, and therefore 
the path of the beam is bent according to the signal. 

As shewn in Fig. 1 , an optical deflecting device 40 according to this embodiment basically comprises a ferro-elec- 
tric substrate 1 , a plurality of inverted domains 2 formed inside this substrate, electrode fflms 3, 4 coated on two princi- 
pal surfaces of the substrate, and an electrical signal generator 7 for applying a voltage between these electrodes. 

35 The direction of the crystals of the substrate 1 (direction of spontaneous polarization shown by the upward arrows 
in the diagram) and the direction of the crystals of the domain 2 are at 180* to each other, as shown in Fig. 1 (and Fig. 
2). At least one (herein, both) of the domain walls 2a, 2b of the domain 2 are substantially perpendicular to the principal 
surfaces 43, 44 of the substrate 1 , and a light beam 41 passes through at least two of the domain walls (i.a 2a -» 2b 
->2a...). 

40 As shown in Fig. 1 (and Fig. 2), the beam 41 enters the device from an end face 5, passes alternately through the 
substrate 1 and domains 2, and emerges from an end face 6 on the opposite sida The travel direction of an emergent 
beam 42 is altered relative to the travel direction of the beam 41 by an angle phi due to a refractive index variation which 
depends on a signal voltage applied between the electrodes 3 and 4 by the signal generator 7. 

The magnitude of the refractive index variation of crystals having an electro-optical effect is directly proportional to 

45 the magnitude of the field applied to the crystals, and when the direction of the applied field is reversed by 1 80', the sig- 
nal of the refractive index variation also changes. 

As the direction of the crystals in the substrate 1 and domain 2 are at 1 80' to each other, a refractive index variation 
is produced between the substrate 1 and domain 2 according to the signal voltage applied between the electrodes 3, 
4, and the bending angle of the beam also varies accordingly. 

so Fig. 2 schematically shows the operation of the device according to this embodiment. After the beam 41 enters the 
domain 2 of which the pole is reversed compared to that of the substrate crystals 1, the refractive index changes due 
to the signal voltage of the signal generator 7 (bending angle changes), and the emergent beam 42 is therefore 
deflected from the original path (the deflection direction is however opposite to that of Fig. 1 due to the polarity of the 
voltage). In this case the beam passes through a plurality of the domains 2, so the bending angle changes on each 

55 occasion, and the beam 42 which is finally obtained is deflected at a considerably large angle. 

As described hereinafter, using semiconductor lithography techniques, high precision, fine structures can be man- 
ufactured. According to this embodiment, by fabricating a plurality of deflecting prisms in the form of domains inside a 
single device, a large deflecting angle may thus be obtained by an extremely simple process which could not be 
achieved with a single prism, and without the need for complex mechanical procedures such as cutting, polishing and 
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sticking. There is also no need for concern regarding "peeling" of prisms, or peeling of electrode films due to application 
of the electric field, as in the overlapping prism method. 

According to this embodiment, as shown in principle by a single domain in Fig. 3, the domain wall is perpendicular 
to the principal surfaces 43, 44, and as the electrodes 3, 4 are formed over the whole area, electric lines of force 10 
5 between the electrodes are effectively parallel to the principal surfaces 34, 44. As a result, the travel direction of the 
beam 41 is always maintained parallel to the principal surfaces 43. 44. and unnecessary divergence of the beam is pre- 
vented. 

On the other hand in the case of Fig. 4, an electrode 3A is patterned with the same shape as that of the domain 2. 
This is an optical deflecting device in which the refractive index is made to vary only in a part where a voltage is applied 
w to single domain crystals, however here, electric lines of force 1 0A at the edges of the electrode 3A bend. The refractive 
index distribution is therefore deformed, and a beam 42A tends to be bent unnecessarily. 

Rg. 3 shows the principle of the preferred form of electro-optical device according to this embodiment Uniform 
electric lines of force 10 are obtained by coating the electrodes 3, 4 onto the whole of the device. Further, by selecting 
a domain having a wall perpendicular to a principal surface of the substrate 1 , the boundary between different refractive 
is indices is made perpendicular to the principal surface of the substrata Hence, even when the light traverses areas of 
different refractive index, its travel direction is always maintained parallel to the principal surfaces of the device and 
unnecessary divergence of the beam is prevented. 

According to this embodiment, as descrbed hereinafter, a domain having a wall perpendicular to a principal surface 
of the substrate 1 is obtained by selecting LiNbxTa^xOa (where 0 ^ x ^ 1) or KT1OPO4 (KTP) as a material of the sub- 
20 strate 1. 

When the beam is deflected, it must be deflected at the same angle over the whole area of the section at right 
angles to the beam travel direction, so the domain wall has to be very flat over the whole area of the beam cross-sec- 
tion. 

In particular, when LiNbjJa^Os (where 0 ^ x £ 1) is chosen as the substrate material, the flatness of the domain 
25 wall may be improved by choosing one side of the domain wall on which the beam is incident to be parallel to a mirror 
plane of the crystals of the substrate. 

Next, the case of a lithium niobium oxide (UNbO^ substrate will be described as an example of the design of an 
optical deflector according to this invention. 

Regarding the shape of the domain 2 formed in the substrate 1 , a fundamental physical constant of lithium niobium 
30 oxide (LiNbQa) is a refractive index no = 2.200 for abnormal light of wavelength 632.8 nm. Using an electro-optical con- 
stant = 30.8 x 10* 12 mW, assume that the wavelength of the beam is X = 632.8 nm and that polarization is in the 
direction of the spontaneous polarization of lithium niobium oxide (LiNbQj) (c axis). 

The refractive index variation when a field E (V7m) is applied between the electrodes 3, 4 is: 

35 An 0 = (1/2)-n 0 3 -r33xE (1) 

When a light beam enters a medium 2 of refractive index r^ from a medium 1 of refractive index n 1 at an incidence 
angle 6 1 , and the emission angle from the medium 1 to the medium 2 was 62, this relation may be expressed by Snell's 
law: 

AO 

sine /sine 2 = n 2 /n 1 (2) 

From equation (2), it is seen that when a field is applied to the electrodes 3, 4 shown in Rg. 1 such that the elec- 
trode 3 is at a high potential, the refractive index of the substrate 1 is + AjTq, and the refractive index of domain 2 is 
45 no - AriQ, the deflection angle A0 8 relative to the incidence angle 6 1 from the substrate 1 to the domain 2 (Rg. 5) is: 

A6 8 = sin' 1 [{(n 0 - An 0 )/(n 0 + An 0 )} x sine^ - (3) 

Also, the deflection angle A6 d relative to the incidence angle e 1 from the domain 2 to the substrate 1 (Rg. 5) is: 

50 

A6 d = sin 1 [{(n 0 - An 0 )/(n 0 + An 0 )} x sine ^ - e ^ (4) 

From equations (1). (3), (4), Rg. 6A shows A% and A6 d for lithium niobium oxide (UNbO^ when a field E = 500,000 
V/m is applied to the device. 

55 According to this, it is seen that larger incidence/emission angles to the domain 2 give a larger deflection angle, and 
particularly that an incidence angle of 75 degrees or more is preferable. Herein, when 6 1 is chosen to be 85°, the deflec- 
tion angle (|A9 8 | + |A6 d |) is approximately 0.1°. 

It is to be preferred that, as far as possible, the other side of the domain 2 is parallel to the beam so that there is no 
input/output of light ft is also desirable that the shape of the domain 2 is triangular, as shown for example in Rg. 5 and 
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. Fig- 7. 

If about ten of these domains 2 are disposed in the travel (Erection of the beam, the deflection angle increases each 
time it traverses one of the domains 2 so that finally, a relatively large deflection angle of about 1 ' is produced. Fig. 6B 
shows the relation between the number of domains and deflection angle. 
5 Next it will be described how the deflection angle may be further increased by choosing the angle of the emergent 
end face 6 of the device. 

As the refractive index n 1 of lithium niobium oxide is 2.200 and the refractive index of air is 1 , (LiNbQa), *h e re(a " 
ton between the incidence angle 0 1 from the interior of the device to the emergent end face 6 and the emission angle 
62 from the end face 6 to the atmosphere shown in Fig. 8, is as shown in Fig. 9 from equation (2). 
70 When the incidence angle 8 1 is set large up to a critical angle (27°), the deflection angle may be considerably 
increased. For example, when the incidence angle 6 1 is 26°, and the deflection angle of a beam incident on the emis- 
sion end face 6 is 1 degree, the beam emerging from the device is given a large deflection angle of approximately 6°. 

Hence, the device 40 having a large deflection angle may be manufactured by suitably designing the shape of the 
domain 2 and the angle of the emission end face 6. 
75 As shown in Fig. 10. the optical deflector 40 according to this embodiment may be used as an optical system. This 
system may be applied in a variety of situations such as a laser scan display device, laser cutter or laser printer. 

In this optical system, a laser beam 51 from a He-Ne laser 50 is reflected by mirrors 52, its phase is adjusted by a 
1/2 X plate 53, it is converted to the beam 41 having a predetermined polarization component by a polarizer 54, this 
beam impinges on the optical deflector 40 (corresponding to the device shown in Fig. 8) via an ins 55 and lens 56. the 
20 beam is deflected by applying a signal voltage from a signal generator 57, and the deflected beam 42 is thus made to 
scan an object 58 such as a screen. The signal voltage is amplified to a desired level by an amplifier 59, and its voltage 
is measured by a voltmeter 60. 

Next, some methods of manufacturing the aforesaid optical deflector 40 will be described. 
To manufacture the device, the domains 2 are formed, the electrodes 3, 4 are formed, the edge faces 5, 6 are pol- 
25 ished and then coated with a non-reflecting coating 6. Each of these processes will now be described in detail. 

According to a first method, the domains 2 are formed, for example, by applying an electric field to the substrate 1 
of lithium niobium oxide (LiNbCy as conceptually shown in Fig. 1 1. Triangular electrodes 13 or electrodes of another 
shape are formed by coaling an aluminum films by ordinary lithographic techniques on a +z face (+c face) of a z plate 
1 of lithium niobium oxide (IJNbQa), and a flat electrode 1 4 is formed on a -z face (-c face) of the z plate 1 . An electric 
30 field of 20 kV/mm or more is then applied by the signal generator 61 so that the electrodes 13 on the +z face are at a 
higher potential than the electrode 14 on the - z face. 

A plurality of the inverted domains 2 are thereby formed with effectively the same pattern as the electrodes 13 
immediately beneath the electrodes 1 3 so as to produce the device 40 as shown in Fig. 1 . In this case, the flat electrode 
3 is coated after removing the electrodes 13, but the flat electrode 3 may also be coated on the electrodes 13 without 
35 removing them. 

A similar method to the method of forming domains by applying an external electric field shown in Fig. 11 . is dis- 
closed in "Simulated Phase Adjusted Waveguide SHG Devices" by Tadahiro Yamada et al, Journal of the Institute of 
Electronic Information and Communication Engineers of Japan, C-l, Vol. J77-CM, No. 5, pp.206-213 (1994). The 
method of this publication, however, relates to SHG devices, and light is attenuated in the electrode area unless all elec- 
40 trades including inverted electrodes are removed after forming the domains. The optical deflector of this embodiment 
therefore considerably differs from this type of SHG device in that, although the method of forming the domains is sim- 
ilar, the electrodes are absolutely necessary for varying the refractive index. 

According to another method of forming the domains 2, the lithium niobium oxide (LiNbC^) substrate 1 is irradiated 
with an electron beam as conceptually shown in Fig. 12. A flat electrode 1 5 is formed by depositing an Al film on the +z 
45 face (+c face) of the z plate 1 of the lithium niobium oxide (UNb0 3 ), and after earthing, a part where it is desired to form 
the domains 2 on the -z lace (-c face) is scanned and irradiated at room temperature by an electron beam 62 of 20 kV 
(accelerating voltage) xt(t = thickness t (mm) of the substrate 1) . 

A plurality of the inverted domains 2 (of which the pole direction is opposite to that of Fig. 1 1) is thereby formed in 
a predetermined pattern in the substrate 1 . Subsequently, the electrodes 3, 4 are formed on both surfaces of the sub- 
so strate, however the aforesaid electrode 1 5 may be allowed to remain. 

A similar method to the method of forming domains by electron beam irradiation shown in Fig. 12. is disclosed in 
"Fabrication of periodically reversed domain structure for SHG in LiNbQj by direct electron beam lithography at room 
temperature", Electron, lett., Vol. 27, No. 10, pp. 828-829 (1991). This method however also targets SHG devices. 

The aforesaid two domain forming methods are effective for ferro-electric substrates such as LiNbxTaj.x^ (where 
55 0*x*1)orKTP. 

There are also electric fields in the substrate in which the domains 2 are formed due to deformational stress in their 
formation and electric fields due to implanted charges. This causes the refractive index of the substrate 1 to vary non- 
uniformty and makes the substrate less susceptible to the signal field. To avoid this, the substrate is preferably 
annealed. Lithium niobium oxide (LiNbCXj) is heated to a temperature of between 150°C and 700°C for several tens of 
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minutes, and lithium tantalum oxide (LiTaCy to a temperature up to the Curie point for several hours, preferably in an 
oxygen atmosphere (if not, in air). 

Next a conducting film such as Al, for example, is formed on both sides of the substrate 1 by vapor deposition or 
sputtering, care being taken not to short circuit the electrodes 3 and 4. 
5 Next the substrate 1 is cut to a predetermined shape, the end faces 5, 6 are optically polished, and a dielectric 
material is coated in a plurality of layers by vapor deposition or the like on the two end faces 5, 6 such that it is non- 
reflecting with respect to the beam to be used so as to complete fabrication of the device. 

In this manner, an optical deflector which permits fast random access, gives a large deflection angle and offers high 
resolution, may be manufactured easily and with high precision. 

10 

Case of Variable Focal Length Lens 

Next an example will be described where this invention is applied to a lens of which the focal length may be varied 
according to an electrical signal. 
is This variable focal length lens also uses an electro-optical effect As in the case of the aforesaid optical deflector, 
when an electric field is applied to domains of which the direction is reversed by 180° relative to the substrate crystal 
direction, a refractive index difference appears between the domains according to the applied field. 

As shewn in Fig. 13, therefore, a variable focal length lens 70 basically comprises a ferro-electric substrate 1 A, a 
plurality of domains 2A fabricated inside this substrate, electrode films 73, 74 coated on both surfaces 43A, 44A of the 
20 substrate, and a converging/diverging signal generator 77 connected between these electrodes. 

The direction of the crystals of the substrate 1 A and the direction of the crystals of the domain 2A are at 180° with 
respect to each other as shown in Rg. 1 . There are at least two domain walls in the propagation direction of a beam 71 
having projection surfaces 76a or depression surfaces 76b relative to this direction, the beam 71 being made to con- 
verge or diverge by applying a voltage between the electrodes 73, 74 on the two opposite principal surfaces of the sub- 
zs strate. 

The beam 71 is incident on an end face 75 of the device, passes alternately through the substrate 1 A and domains 
2A, and emerges as a beam 72 from an end face 76 on the opposite side of the device. This beam 72 is made to con- 
verge or diverge according to an electrical signal from the signal generator 77. 

As the crystal directions of the substrate 1 A and domains 2A are at 180° to one another, the refractive index drffer- 
30 ence described hereinabove appears between the substrate 1 A and domains 2A according to the signal voltage applied 
between the electrodes 73, 74, and the beam is therefore made to converge or diverge accordingly. 

Next a method of designing the variable focal length lens 70 according to this embodiment will be described in the 
case of a lithium niobium substrate. 

Fundamental physical constants of the substrate, electro-optical effects and the laws of refraction are as were 
35 described for the aforesaid optical deflector. 

For example, the lenses 2A in the aforementioned domain structure are designed as shown in Rg. 14. ff, relative 
to the travel direction of the beam 71 , the radius of curvature r on the front side 76a and the radius of curvature r on the 
rear side 76b are both 20 |im, the focal length of one lens is: 

40 f = n 8 T/(n d -n 6 ) (5) 

where n^ r\j are respectively the refractive indices of the substrate and domains when 50kV/m is applied. 
Substituting: 

45 n 8 = 2.2 -8.199 x10 s 

n d = 2.2 + 8.199 x 10* 5 

in this equation (5) (wavelength X = 0.633 jim), f = approx. 27 cm. 
so When a plurality of these lenses are disposed as shown in Rg. 13 and the beam is made to pass continuously 
through them, e.g. through N = 300 lenses, the focal length f N of the overall system is: 

f N =f/N (6) 
= approx. 0.9 mm 

55 

The focal length of this lens 70 varies according to the magnitude of the electric field, e.g. when the magnitude of 
the field is set to zero, all the lenses disappear as far as the beam is concerned (there is no lens effect), and there is no 
convergence or divergence. 
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When a field is applied in the reverse direction to the above, the refractive index in the lens part becomes smaller 
* in the opposite sense, so the beam diverges accorcfing to the magnitude of the field. 

Hence, in the lens 70 according to this embodiment local length, convergence and divergence may be varied 
according to the direction and magnitude of the field, or in other words, a lens having a variable focal length according 
5 to a signal field may be realized. 

This variable length focal lens 70 may be manufactured easily and with high precision by the same method as that 
described above for an optical deflector. 

Beam Deflection, Convergence or Divergence in 2 Dimensions 

10 

The aforesaid optical deflector and lens both produce deflection, convergence and divergence in one dimension, 
however in the following embodiment, the production of these effects in two dimensions will be descrbed. 

In the first method, as shown in Fig. 15, two devices 40 are used, i.e. devices 40A and 40 B, an output edge 6A of 
the former and input edge 5B of the latter being juxtaposed such that the principal surfaces of the devices are perpen- 
75 dicutar. In Fig. 1 5, the aforesaid domains are schematically represented diagrammaticaJly by 2A, 2B in the devices. The 
electrodes are not shown. 

The beam 41 enters the device 40 A from an end face 5A, and the beam is deflected or made to converge or diverge 
in a direction y by a signal voltage from a signal generator 7 A. The beam then enters the device 40B from the end face 
5B, is deflected or made to converge or diverge in a direction x by a signal voltage from a signal generator 7B, and is 
20 output to the outside from an output end face 6B. 

Hence, the beam may be processed in two dimensions x, y by passing it through the two perpendicular devices 
40 A, 40B in succession. 

Another method of 2 dimensional processing, shown in Fig. 1 6, is to connect a device 80A for processing the beam 
in the x direction and a device 80B for processing the beam in the y direction (in Fig. 1 6, domains or electrodes of which 
25 a plurality are aligned in the beam travel direction are not shown), such that they have principal surfaces parallel to each 
other. 

The beam 41 enters from an end face 85A of the device 80A for processing the beam in the x direction, is totally 
reflected perpendicular to a principal surface of the device 80 A by an end lace 86A which is optically polished obliquely, 
enters the device 80B for processing the beam in the y direction from an end face 85B, is totally reflected parallel to 
30 principal surfaces 83 A, 84A of the device 80A and perpendicular to the beam travel direction in the device 80A by an 
end face 87 which is optically polished obliquely, is propagated in the device 80B parallel to principal surfaces 83B, 84B 
of the device 80B, and thus emerges form the end face 86B as the beam 42 which has been processed in the two direc- 
tions x, y. 

The x direction and y direction of the beam may be interchanged by "bending". Referring to Fig. 16, denoting the 4 
35 comers of a beam section on the end face 85A by the symbols A, B, C, D, and tracking rays from these 4 comers, it is 
seen that the x direction (A-D) of the device 80 A is converted to the y direction (A'-D 1 ) of the device 80B, and the y direc- 
tion (A-B) of the device 80A is converted to the x direction (A'-B 1 ) of the device 80B. Hence, processing may be per- 
formed in the x direction by the device 80A and in the y direction by the device 80B. ft will of course be understood that 
deflection in the devices 80 A, 80B occurs each time the beam passes through a domain. 
40 In a device using lithium niobium oxide pole reversion, it is advantageous that the beam polarization direction is per- 
pendicular to the principal surfaces of the substrate. It is therefore desirable to insert a 1/2 half wave plate 88 between 
the devices 80A and 80B so that the polarization direction is perpendicular to the principal surfaces of the substrate 
even in the device 80B. Thus, the beam can be deflected so that it is perpendicular to the beam propagation direction 
and perpendicular to the initial beam propagation direction, and the directions x, y in a section perpendicular to the ini- 
45 tial beam propagation direction can be interchanged. 

Case of Electrical Induction Minor 

Fig. 17 and Fig. 18 show an example where this invention is applied to a mirror 100 induced by an electric field. 
so A plurality of inverted domains 2 are for example formed on a lithium niobium substrate 1 by the aforesaid method. 
This domain structure is a periodic inverted structure in which 5 domains are periodically laminated from one end face 
5 to the other end face 6 (in Fig. 18, only a few domains are shown to facilitate understanding). Let the period be A. 

When a predetermined electric field is applied between the electrodes 3, 4, if the period A of the periodic inverted 
structure is chosen satisfying the relation: 

55 

K = 2k • cose (7) 

(K = 2rrfA, k = 2no^Mno = 2.200[X = 0.633 nm])) 

where the wavelength of the incident beam 41 is X and the incidence angle on a periodic domain flat surface 90 is 6, 
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the beam incident on the end face 5 at an angle of 9 is reflected from the periodic domain structure at an emission angle 
of -0 so as to obtain a reflected beam 42A. 

Hence, when for example the domain direction is chosen so that the flat surface 90 is parallel to the incidence end 
face 5, a beam incident on the end face 5 at an angle &| is reflected from the end face 6 at an angle -fy only when a 
5 predetermined electric field is applied between the electrodes 3, 4, and the beam passes through the device without 
reflection when a field is not applied between the electrodes. 

For example, when the incidence angle on the flat surface 90 is 45°, the period A of the periodic domain structure 
may be set to 0.2 |im. 

This electrical induction mirror 100 may be manufactured by the same method as the aforesaid optical deflector. 
w The electrical induction mirror 100 may therefore be switched on and off by an electric field, and it may be manu- 
factured easily and with high precision. 

In addition to the aforementioned embodiments of this invention, various modifications are possible without depart- 
ing from the scope or spirit of the invention. 

For example, the configuration, number, arrangement and methods of forming domains may be varied. Specifically, 
is the object of this invention is achieved when domains are formed in the substrate such that at least one of the domain 
walls is effectively perpendicular to the principal surfaces of the substrate (surfaces on which electrodes are provided), 
and a light beam passes through at least two of the domain walls (in other words, through at least two points on the 
domain walls), ft is possible to have one domain where surfaces 2a, 2b are provided as described hereinabove, as 
shown in Fig. 19. 

20 In this case, it is desirable that there are at least two opposite domain walls of domains horizontally traversed by 
the beam, the incidence angles of the beam on these walls being different 

In addition to the triangular shape of the aforesaid electrodes 13, the electrodes may be polygonal such as quadri- 
lateral or pentangular, and the other electrode 1 4 may also be polygonal. Further instead of using the aforesaid electron 
beam irradiation, domains may be formed also by irradiating with charged particles carrying a negative charge, or by 

25 irradiating the surface of the positive pole of spontaneous polarization with charged particles carrying a positive charge 
(e.g. protons). 

When forming domains, if at least one side of an electrode is parallel to a minor plane of crystals forming the ferro- 
electric substrate, pole reversion proceeds smoothly, the side of the domain wall on which the beam is incident is par- 
allel to this mirror plane, and the flatness of the domain wall is improved. 
30 In addition to the aforesaid deflector, lens and mirror, the electro-optical device of this invention may be applied to 
various devices comprising domains and showing an electro-optical effect such an optical modulator or signal proces- 
sor. 

As described hereinabove, according to this invention, at least one of the domain walls of inverted domains of 
which at least two are formed with a predetermined shape inside a ferro-electric substrate, is substantially perpendicu- 

35 lar to the principal surfaces of the substrate. Hence, a refractive index difference is produced between the substrate and 
inverted domains by applying a voltage via electrodes formed on the principal surfaces of the substrata As a result, a 
light beam is largely deflected when ft traverses at least two domain walls, and a light beam can be largely deflected by 
passing H through a plurality of contiguous domain walls. 

It is therefore possible to easily construct an electro-optical device, for example an optical deflector (or optical mod- 

40 ulator), giving a large deflection angle and high resolving power. Moreover, as it depends on the application of a voltage, 
it makes fast continuous scan possible even with random access. 

As a large deflection angle is obtained based on the aforesaid refractive index difference when the light beam 
passes through a plurality of domain walls, the light beam can be given a large convergence or divergence which is suit- 
able for a variable focal length lens. In this lens, the focal length may be varied, or the light beam made to converge or 

45 diverge, by an electrical signal without any need of mechanical displacement 

In the case of a mirror, as a large deflection is obtained due to the aforesaid refractive index difference by applying 
a voltage, beam transmission and reflection may be achieved by switching the voltage on and off, and the reflection 
effect increases when the beam passes through a plurality of domains. This minor may thus be made to appear and 
disappear by an electrical signal without any need of mechanical displacement 

so Further, according to the electro-optical device of this invention, the propagation direction of a light beam in the 
device may be kept parallel to the principal surfaces by so selecting the shape of the domain walls that at least one of 
these walls is substantially perpendicular to the aforesaid principal surfaces of the substrate, hence beam propagation 
in the device is stable. 

The invention may be embodied in other specific forms without departing from the spirit or essential characteristics 
55 thereof. The present embodiments are therefore to be considered in all respects as illustrative and not restrictive, the 
scope of the invention being indicated by the appended claims rather than by the foregoing description and all changes 
which come within the meaning and range of equivalency of the claims are therefore intended to be embraced therein. 
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Claims 

1. An electro-optical device comprising a ferro-electric substrate, electrodes provided on principal surfaces of said 
substrate and inverted domains formed with a predetermined shape inside said substrate, at least one of the waDs 

5 of said domains being substantially perpendicular to said principal surfaces of said substrate, wherein a light beam 
traversing at least two of said domain walls. 

2. An electro-optical device as defined in claim 1 , comprising at least two domain walls of opposite inverted domains 
horizontally traversed by a propagated light beam on each of which said beam has different incidence angles, said 

w beam bang deflected according to a voltage applied between electrodes provided on the two opposite principal 
surfaces of said substrate. 

3. An electro-optical device as defined in claim 1, wherein said domain walls are laminated with a predetermined 
period so that said beam is incident at a predetermined angle, and the propagation direction of said beam is 

75 changed by applying a voltage between electrodes provided on the two opposite principal surfaces of said sub- 
strate. 

4. An electro-optical device as defined in claim 1 , comprising at least two domain walls having convex or concave rel- 
ative to the beam propagation direction, and said beam is made to converge or diverge by applying a voltage 

20 between electrodes provided on the two opposite principal surfaces of said substrate. 

5. An electro-optical device as defined in claim 1 , wherein electrodes are provided over substantially the whole area 
of said opposite principal surfaces, and a beam propagation direction is changed according to a voltage applied 
between these electrodes. 

25 

6. An electro-optical device as defined in claim 1 , wherein said substrate comprises crystals of UNb/Fa^Qa, (where 
0 ^ x ^ 1), and one side of the domain walls is parallel to a mirror plane of said crystals. 

7. An electro-optical device as defined in claim 1, wherein electrodes are provided on each of the two principal sur- 
30 faces of said substrate, an electrode having a predetermined shape is provided on at least one of said principal sur- 
faces, and said inverted domains are formed by applying a voltage between said two principal surfaces. 

8. An electro-optical device as defined in claim 1 , wherein said inverted domains are formed by irradiating the surface 
of the negative pole of spontaneous polarization of said substrate, with an electron beam or with charged particles 

35 having a negative charge. 

9. An electro-optical device as defined in claim 1 , wherein said inverted domains are formed by irradiating the surface 
of the positive pole of spontaneous polarization of said substrate, with charged particles having a positive charge. 

ao 1 0. An electro-optical device as defined in claim 7 V wherein said electrode on at least one of said principal surfaces is 
polygonal, and at least one side of said electrode is parallel to a mirror plane of the crystals forming said substrate. 

1 1 . An electro-optical device as defined in claim 1 0. wherein said substrate comprises crystals of UNb/la^xOa (where 
0£x^1). 

45 

1 2. An electro-optical unit comprising a first electro-optical device and a second electro-optical device, said each elec- 
tro-optical device comprising: a ferro-electric substrate, electrodes provided on principal surfaces of said substrate 
and inverted domains formed with a predetermined shape inside said substrate, at least one of the walls of said 
domains being substantially perpendicular to said principal surfaces of said substrate, and a light beam traversing 

so at least two of said domain walls; 

wherein said first device processes said beam in an x direction and said second device processes said 
beam in a y Direction, of two perpendcular directions x, y in a section at right angles to a propagation direction of 
said beam. 

55 13. An electro-optical unit as defined in claim 12, wherein a light beam emission edge of said first device and a light 
beam incidence edge of said second device is disposed such that they are contiguous and the principal surfaces 
of said two devices are mutually perpendicular. 

14. An electro-optical unit as defined in claim 13, wherein said beam is deflected in said x, y directions, and said first 



10 



EP 0 775 929 A2 



device and said second device are arranged such that their respective principal surfaces are parallel to each other. 

15. An electro-optical unit as defined in claim 1 4, wherein a polarization direction of said beam is deflected such that it 
is perpendicular to said principal surface of said substrate, said beam is deflected so that it is perpendicular to said 
5 beam propagation direction and also perpendicular to an initial beam propagation direction, and wherein said x, y 
directions in a section at right angles to said initial beam propagation direction are interchanged. 
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FIG. 16 
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